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Angle-resolved photoemission spectra from Be(0001) in the photon energy range 10—120 eV are
presented and discussed. The band structure along 6 is determined and compared with our calcula-
tion using an ab initio self-consistent pseudopotential method in the local-density formalism. The
occupied bandwidth, characterized by the I"l+ symmetry point energy, is found to be 11.1+0.1 eV,
which is in excellent agreement with the calculated value of 11.16 eV. The most shallow occupied
symmetry point on A, I 3+, is found at 4.8+0. 1 eV, while the calculated value is 4.32 eV. The
lowest-energy unoccupied band is in good agreement with the calculation with the exception of some
extra structure near the plasmon threshold. This extra structure is associated with interaction be-

tween the excited electron and plasmons. The peak widths for photon energies below 33 eV are in

reasonable agreement with widths predicted for hole lifetimes in the homogeneous electron gas.

I. INTRODUCTION

Although the electronic structure of the sin:pie sp-band
metals has been fairly well understood for many years,
there remain some important issues to be addressed. One
unresolved question is how accurately state-of-the-art
band calculations can describe the ground-state properties
of these metals. The answer to this question is important
for defining the limitations of the widely used local-
density approximation. Very recent work has shown quite
good agreement. ' Another question is how well these cal-
culations describe excitation properties of the type ob-
served with optical and photoemission spectroscopies.
Here the agreement does not seem as good, but is still
quite reasonable. ' This imperfect agreement is not
surprising since density functional eigenvalues do not
have a formal interpretation as excitation energies. This
point leads to a third question: How well can these
discrepancies be understood~ A first step toward a full
solution is provided by the calculated quasiparticle prop-
erties of the homogeneous, interacting electron gas. These
properties have traditionally been considered only very
near to the Fermi level, but the deeper excitations are, if
anything, even more interesting. Several predictions of
many-body theory for excitations of the electron gas far
from the Fermi level have remained essentially untested
for many years. ' They include predictions of a narrow-
ing of the occupied band, of sharp structure near the
threshold for plasmon production, and of specific values

for the hole and electron lifetimes which determine peak
widths and sampling de'pths. These predictions represent
a first approximation to the difference between the density
functional ground-state and excitation, or quasiparticle,
bands for simple metals. They are often classed together
as self-energy effects. Angle-resolved photoemission al-
lows the study of these excitations in detail.

Beryllium has many properties that make it a good
choice for this kind of investigation. It is useful to study
a wide-band, sp metal because this is the type of material
for which the band calculations can be done accurately,
for which the spectra are expected to be simple, and for
which calculated results from the many-body theory are
expected to apply. Atomic beryllium (Z =4) has a closed
shell(ls) (2s) configuration. The2sand2pbandshybri-
dize in the solid state, leading to metallic behavior and a
wide sp band. The unoccupied bands remain simple (little
d or f character) for some distance above the Fermi level.
The density of states at the Fermi level is very low, as ex-
plained already by Herring and Hill and shown clearly,
for example, in photoemission spectra from polycrystal-
line films. '

In this study, angle-resolved photoemission is used to
determine properties of occupied and unoccupied bands of
Be along A. These experimental results are compared
with an ab initio pseudopotential calculation. Generally
good agreement is found. The occupied band is character-
ized by the I ~+ and I 3+ symmetry point binding energies.
Experimental (theoretical) values are, respectively,
11.1+0.1 eV (11.16 eV) and 4.8+0. 1 eV (4.32 eV). The

1984 The American Physical Society



30 ANGLE-RESOLVED PHOTOEMISSION STUDY OF THE. . . 5501

lowest unoccupied band is also investigated in detail and
found to be in good agreement with theory. A distortion
in the unoccupied states near the plasmon energy, for
which the shape is significantly more complex than
predicted, has been reported in a previous study. Finally,
the measured peak widths are found to be dominated by
hole lifetimes, which are close to those calculated for the
electron gas. The electron lifetimes are significantly
longer than predicted. These differences are attributed to
the fact that electron-gas theory ignores the possibility of
interband transitions, and to the fact that the electron gas
is in some respects a poor approximation to Be.

The remainder of this paper is organized as follows: In
Sec. II we describe the experimental and theoretical pro-
cedures, in Sec. III we present the results, in Sec. IV we
discuss the main points, and in Sec. V we present the con-
clusions.
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II. EXPERIMENTAL AND THEORETICAL METHODS

The experimental data were obtained at the Synchrot-
ron Radiation Center at the University of Wisconsin, in
Stoughton, Wisconsin. The radiation was dispersed by a
toroidal grating monochromater yielding photons in the
10 & Ace & 120-eV range. ' The electrons were energy
analyzed with a hemispherical electrostatic analyzer with
an acceptance angle of +2.5'." Total-energy resolution,
including electrons and photons, was typically 0.3 eV, but
varied from 0.1 to 1.0 eV.

The experimental chamber is a standard p-metal shield-
ed stainless-steel chamber with a base pressure of 10
Torr. The chamber also includes low-energy electron dif-
fraction (LEED) optics and a cylindrical mirror analyzer
for Auger electron spectroscopy (AES) and angle-
integrated photoemission measurements.

The Be(0001) sample was provided cut and mechanical-
ly polished by the Cornell Materials Science Center, Itha-
ca, New York. It was cleaned initially by extensive
sputter-annealing cycles. Several hours of argon ion bom-
bardment (1 keV Ar+, 10 (((,A/cm ) at room temperature
were required to remove the initial oxide layer. A small
remnant of oxygen, about 1% of the Be AES signal, could
not be removed by this procedure. In spite of the small
AES signal, prominent peaks due to oxygen were observed
in the photoemission spectra at 6.5 and 8.5 eV. It was
found that this remaining oxygen could be removed only
by sputtering at an elevated sample temperature (between
300 and 500'C). Final cleaning immediately prior to data
acquisition consisted by sputtering for 5 min (1 keV Ar+
and 10 pA/cm ), maintaining the sample at 450'C. The
sample was then held at this temperature for a few
minutes to anneal the damage before being allowed to
cool. This procedure produced a fair quality, sixfold
LEED pattern, no trace of contamination as seen by AES
(less than l%%uo of the Be signal), and reproducible, ap-
parently clean photoemission spectra. Only one prom-
inent peak, near 105 eV, is then visible in AES. '

The crystal structure of Be is hexagonal close packed
(hcp) with two atoms per unit cell. The conventional
real-space unit cell is shown in Fig. 1 as is the correspond-
ing Brillouin zone (BZ). The notation of Herring is
used. "

FIG. 1. Real- and reciprocal-space unit cells of hcp Be. Also
shown is the surface Brillouin zone of Be(0001).

All spectra reported were taken, collecting electrons
along the sample normal, using p-polarized light incident
at 45' from the normal. Conservation of electronic
momentum then restricts transitions to the 6 line in the
Brillouin zone. Since Be has two atoms per unit cell,
there are (in the absence of spin-orbit coupling) no band
gaps at A (the zone boundary) in the BZ. The bands that
can be observed in normal emission photoelectron spectra
have AI or 62 symmetry. The dipole operator does not
break this symmetry and it is, therefore, convenient to un-
fold the bands around the A point, as is done below.

All binding energies and kinetic energies reported are
referenced to EF 0. All widt——hs reported are full widths
at half maximum (FWHM).

The theoretical calculation is based on the pseudopoten-
tial approach within the local-density functional formal-
ism. ' ' This technique has been very successful in
studying structural and dynamical properties of semicon-
ductors and metals. ' In the density functional theory, '
the total energy of a many-electron system is considered
as a functional of its density only. By using the variation
principle, a one-particle Schrodinger-like equation (the
Kohn-Sham equation' ) with an effective potential is ob-
tained. Since the exact form of the exchange-correlation
functional for an inhomogeneous electron gas is still un-
known, the local-density approximation (LDA) is used. '
The LDA approximates locally the effective exchange-
correlation energy functional with that of a uniform elec-
tron gas at the same density. The approximation is good
if the density is slowly varying since the density is as-
surned to be uniform over the range of the exchange-
correlation hole. In this calculation the functional form
proposed by Hedin and Lundqvist' is used. Comparisons
have been made using the Wigner correlation formulas'
and only small changes in the eigenvalues were found.

The core electrons are assumed to be atomiclike, and
pseudopotentials are employed to account for the interac-
tion between the valence electrons and the ionic cores.
The pseudopotentials are generated from an atomic calcu-
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lation. ' They are required to reproduce the results of the
all-electron calculation, including the energy eigenvalues,
eigenfunctions (outside the core region), and the excitation
energies for different electronic configurations. The
Kohn-Sham equation is solved self-consistently using a
plane-wave basis set, where plane waves with energies up
to 10 Ry are included. By examining the total energy of
the system, the static structural properties such as lattice
constants, bulk modulus and Poisson's ratio are predicted
successfully. ' The momenturri distribution (the Compton
profile) is also in good agreement with experiment. ' The
eigenvalues are calculated using the self-consistent charge
density at the experimental lattice constants.
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III. RESULTS AND ANALYSIS

The interpretation of the experimental data is based on
the independent particle approximation to the photoemis-
sion processes as described extensively elsewhere. ' All
many-body effects are treated within this picture as per-
turbations of the one-electron states.

Figure 2 shows a sequence of normal emission spectra
taken at various photon energies. The stationary peak at
2.8 eV is a surface state in the I 3+-I

& gap. This state is
discussed elsewhere. The deeper, dispersive peak is the
bulk transition. For Ace & 33 eV and Ace & 90 eV, a single,
well-defined bulk peak is observed. However, for
33 &Rcu &90 eV, weak, complex peaks are seen, and they
are poorly approximated by a single Gaussian or Lorentzi-
an line shape.

A. Eigenvalues and peak positions

Be (0001 I NORMAL EM ISSION SPECTRA

her (eV)
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In Figs. 3(a), 3(b), and 3(c) the results of the first step of
the data analysis are summarized showing peak binding
energy, peak width, and peak intensity, respectively, as a
function of photon energy. In these figures the bulk peak
is represented by a solid circle when a symmetric, well-
defined peak is observed, or by an open circle when a
weak, asymmetric peak is seen. In Fig. 3(a), the bulk peak

first disperses downward, away from EF. At fico=32 eV

M OO 0

~ ~ ~ 4
~ ~

~ r

2 — I' ~

~g
~ 0 ~

0

0

(c)

10
I—
(/)
Z -2

10

X
X
X

woo

X XXX XX XX

oo
X

xooo Q

0

X
X

X
X

X
.yO

Opp

I I
I"

I
x

I I I I I

10 20 30 40 50 60 70 80 90 100 it0

PHOTON ENERGY ( ev )

FIG. 3. (a) Peak binding energies, (b) widths, and (c) intensi-
ties as a function of photon energy. In (a) the solid line is the
expected result based on direct transitions to a free-electron final
state. The dashed line is obtained if the 5&—+6] and 62~62
selection rule is relaxed. In (b) the horizontal line at 3 eV dif-
ferentiates somewhat arbitrarily between sharp, well-defined
peaks [less than 3 eV and denoted by solid circles in (a) and (c)
and Fig. 4] and broad, poorly defined peaks [open circles in (a)
and (c) and Fig. 4]. The crosses in (c) are the calculated values
of the direct pbotoexcitation transition matrix element between
initial and final states (see Ref. 25). Note that the vertical scale
in (c) is logarithmic.

3cI

I I I I I I
15

)2 )0 8 6 4 2 FF
I I I I I I 35

(2 )0 8 6 4 2 E

BIND ING ENERG Y ( eV )

FIG. 2. Normal emission spectra of Be(0001) for different
photon energies. The spectra have been rescaled vertically in an
arbitrary fashion. Relative intensities may be determined from
Fig. 3(b).

it reaches a maximum binding energy of 11.1 eV, which is
associated with the I j+ symmetry point. It then disperses
back upward, becomes broad and asymmetric, and loses
intensity. The solid curve in this figure is the dispersion
expected if the final-state band were a free-electron band
originating 11.1 eV below Ez. Clearly, a better model is
required to explain the data, but the origin of the peaks is
evident even by this simple comparison.

Above 38 eV another peak starts dispersing downward,
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and by 42 eV it is the dominant bulk feature. In contrast
to the data below 33 eV, these data are not represented
even qualitatively by a direct transition model to a free-
electron final state. They lie at much smaller binding en-

ergies than such a model predicts. In Fig. 3(b) it can be
seen that the emission in the range 33&fxo~90 eV is
dominated by broad, asymmetric peaks. Finally, above 90
eV the peak narrows and begins to track the simple free-
electron final-state curve again. At Ace=95 eV the peak
reaches its minimum binding energy (4.8 eV), which is as-

sociated with the I 3+ symmetry point on the 6 axis.
Most of the discrepancies between the data and the

free-electron final-state model which occur for fico & 33 eV
and %co & 90 eV may be removed by comparison to a more
sophisticated band-structure calculation. This is done
below. For 33 & fun ~ 90 eV, however, an improved
single-particle calculation cannot explain the results. In
order to understand these results, consider Fig. 3(c), where
a plot of the peak intensity of the dominant bulk peak in
the spectrum as a function of hv is shown. The experi-
mental points are compared to calculated values for the
(square of the) direct transition matrix elements from the
pseudopotential band structure. These have been multi-
plied by the component of the final state propagating in
the direction of the surface normal and scaled to agree
with the data at low photon energies. This calculation
indicates the strength of the transition, but it should not
be compared in any detailed way with the data because
only minimal consideration has been given to the trans-
port and escape of the excited electron. Also, density-of-
states effects have not been included nor have the data
been corrected for a possible energy dependence of the
photoelectron energy analyzer transmission. However,
variations in this calculated quantity are expected to re-
flect the behavior of the photoelectron intensity due to
direct transitions. It is clear that anomalous peaks occur
only when this transition probability is very low. Other
secondary effects, such as indirect transitions caused by
phonons, defect or impurity scattering, and symmetry-
breaking transitions due to the presence of the surface
could become significant when the direct transition ma-
trix element is small. Note that in nearly all spectra, the
surface feature dominates emission from the bulk.

It is difficult to identify which of these mechanisms ac-
tually contributes to the observed emission. The high De-
bye temperature of Be and the relatively low photon ener-

gy at which this emission is observed indicate that the
spectra should not show strong temperature dependence.
It is interesting to note that some similarities with the ex-
perimental data can be observed by plotting the dispersion
expected from transitions (to free-electron final states)
which break the A&~b,

~
and 62~62 symmetry selection

rule. The results of relaxing this selection rule are shown
by the dashed line in Fig. 3(a).

Having determined which peaks are associated with
direct transitions and which are not, it is now possible to
compare the experimentally measured band structure to
the results of the pseudopotential calculation described in
Sec. II. The calculated bands of 5& and Az symmetry are
presented in Fig. 4 as solid lines. Unoccupied bands
which include a significant component of reciprocal-
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FIG. 4. Calculated and experimentally determined band

structure of Be along 4. The difference between open and solid
circles is described in Fig. 3. The thicker lines denote final
states, which have large plane-wave components along A. The
dashed line is the corrected initial state (see text) used to deter-
mine the final state. Note that the vertical scale changes at E&.
A more detailed picture of the lowest unoccupied band is given
in Ref. 3.

A

lattice vectors parallel to the sample normal (thicker lines)
are expected to couple more strongly to normal pho-
toelectron emission.

The experimentally determined occupied band is shown
as a dashed line in Fig. 4. Since momentum normal to the
surface is not conserved in the emission process, the
method for establishing the initial bands away from the
symmetry points is not unique. The following procedure
is used here. The top and bottom of the band have al-
ready been determined by reading the extremal points in
the plot of binding energy versus photon energy of the
bulk peak from Fig. 3. This determination, which is com-
pletely independent of the nature of the final state, gives
the bottom of the band, I I+, at 11.1+0.1, eV, and the top,
I 3+, at 4.8+0. 1 eV. These values can be compared to the
calculated results of 11.6 and 4.32 eV, respectively. In or-
der to determine the final states, a representation of the
initial states is needed, not just at the experimentally
determined critical points, but also at arbitrary k. There-
fore, the theoretical band is scaled according to the ex-
pression
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E(k) =E,,i,(k) —0.07[E,ai, (k) —E„i,(0)],
so that it reproduces the experimental extrema. Here,
E„&, is the calculated binding energy. This does not im-

ply that the resulting empirical band is in fact the
"correct" band, but only that this is the simplest way to
make the small corrections to the occupied band required
to determine the unoccupied bands. A value for kz may
now be assigned to each observed transition. The unoccu-
pied bands follow by subtracting the binding energy from
the photon energy at which the transition occurs. The re-
sults of this analysis are shown in Fig. 4 with the same
symbol conventions used earlier.

B. Peak widths

In Fig. 3(b) the measured peak widths are shown as a
function of photon energy. For all but the very highest
photon energies, the peak widths are significantly larger
than the experimental resolution. The figure demon-
strates, as stated several times above, that the peak
behavior for 33 & fico & 90 eV is erratic, with mostly
anomalously broad and asymmetric spectral features. In
Sec. IV only the well-behaved peaks are discussed. For
most photon energies above 95 eV, the peak widths are
limited by instrument resolution. Therefore, fewer data
points are given in this region in Fig. 3(b) than in Figs.
3(a) and 3(c).

IV. DISCUSSION

A. Eigenvalues and peak positions

The experimental and calculated bands can be com-
pared in three different aspects: the I i+ symmetry point,
the I 3+ point, and the lowest unoccupied band. The
agreement at I &+ is excellent, while the I 3+ point is found
about 0.5 eV deeper than predicted. Finally, the lowest
unoccupied band is found to be very similar to the calcu-
lated band, except for some additional sharp structure
near the plasmon energy. The only other published self-
consistent band calculation is in excellent agreement
with the present calculated eigenvalues (see Table I). The
agreement with the non-&elf-consistent calculation by
Nilsson et al. is only marginally worse, and, also, the re-
s+its by Terrell are quite reasonable. Most other calcu-
lations give bandwidths of approximately 12 eV, '

with a few yielding even higher values. Only one
falls significantly below 11 eV. The I 3+ point is almost
always found between 4.2 and 4.4 eV.

There are two possible sources of disagreement between
spectroscopically derived and

' local-density functional
bands. Firstly, the local approximation to the exchange-
correlation potential could be inadequate and lead to er-

TABLE I. Binding energies of occupied symmetry points.
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rors. Secondly, even if nonlocal effects in the exchange-
correlation potential were properly included, the resulting
eigenvalues would be formally distinct from excitation en-

ergies and require correction for self-energy effects. Both
of these problems are quite difficult to correct for, but
correction of either has given 0.5-eV improvements in the
silicon band structure. ' However, both effects are ex-
pected to be less important for the unoccupied bands of
simple metals.

Self-energy corrections for the electron gas at the beryl-
lium density are expected to result in a 0.3-eV shift to-
ward lower binding energy of the I i+ point and essentially
no shift into the I 3+ point energy. Obviously these
corrections would diminish, not improve, the agreement
between the data and the calculations. Attempts to in-
clude these effects properly in band calculations for Al
(Ref. 39) and Ni (Ref. 40) have shown that the major ef-
fects still occur at the bottom of the band and are still
small.

By definition, nonlocal effects are missing in the elec-
tron gas. We know of no quantitative estimate of the ef-
fects of this approximation on the bands of a simple met-
al. It can be expected that in metals these effects would
be much smaller than the 0.5-eV effects seen in silicon be-

cause the spatial variation of the charge density is much
less.

Overall, then, both possible causes of the observed
discrepancy in the occupied band seem unlikely. Similar
discrepancies have been seen for Al (Ref. 2) and Mg (Ref.
41).

The extra structure in the experimental unoccupied
band visible in Fig. 4 has been attributed to a self-energy
effect caused by the electron-plasmon interaction. A
similar distortion is predicted for the electron gas. The
difference between the experimental and calculated final
bands is shown in Fig. 5. It is compared with the self-

energy correction predicted for the electron gas (solid

Experiment (this work)
Theory (this work)
Theory (Wilk et a/. , Ref. 26)
Theory (Nilsson et al. , Ref. 27)
Theory (Terrell, Ref. 28)

11.1+0.1

11.16
11.6
11.0
11.4

4.8+0. 1

4.32
4.35
4.2
4.4

Symmetry point
I ~+ (eV) I 3+ (eV)

FIG-. 5. Difference between calculated and experimental
final-state binding energies for fico & 33 eV plotted as a function
of reduced momentum. The experimental points are plotted us-

ing k from Fig. 4 and then dividing by the free-electron value of
kz for Be (=1.93 A '). The solid curve is the electron-gas
prediction from Ref. 6. The dashed curve is the experimental
results if the unscaled calculated initial states are used. See Ref.
3 for more details.
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curve). The predicted effect has the same magnitude, po-
sition, and width as the data but the shape of the experi-
mental curve is significantly more complex. These differ-
ences are attributed to band-structure effects. Phrased
differently, the data in Fig. 5 show that the inner poten-
tial, as used, for example, in LEED structure determina-
tions, is not a monotonic function of electron energy.

As discussed below, the location of two final-state sym-
metry points have also been determined. I z is located at
21.4+0.5 eV and I 4 at 92+1 eV above E~. This com-
pares to the calculated values of 21.9 and 95.4 eV, respec-
tively. This agreement is quite satisfying.

B. Peak widths

The other interesting comparison which can be made
with electron-gas results concerns the peak widths. If
broadening due to defects, vibrations, etc. is neglected, the
observed peak width W in an electron energy distribution
can be written as

W=I(21 h,i, ) +(2RI,i„„,„) ]'

Here, R is the ratio of the slopes (BE/Bk) in the initial-
and final-state bands, and i'/21 is the hole (electron) life-
time. For the transitions of interest here, —,', &R & —,

'
(see

Fig. 4) and I,i
-I i, . Therefore the peak widths are dom-

inated by the hole contributions, at least away from the
symmetry points. Any analysis is more complicated near
such points. Peak widths for fico &33 eV are plotted as a
function of reduced momentum in Fig. 6 and compared
with a calculation for hole widths in jellium. The shape
of the theoretical curve simply reflects the phase space
available for decay. As the one-hole state moves away
from E~, more and more two-hole states became energeti-
cally accessible. The generally good agreement shows that

the correct physical origin of the peak widths (i.e., the
'

hole lifetimes) probably have been identified. The agree-
ment is especially good for the shallow excitations, while
the deeper excitations are somewhat broader than predict-
ed. This additional width probably can be attributed to
interband scattering, which is not included in the theory.

Final-state widths are more difficult to determine be-
cause the hole widths are so large. A common procedure
is to study the width at transitions originating from the
Fermi level, where the hole contribution vanishes. Since
no transitions from EF are observed, this method is not
applicable here. Instead, the photon energy dependence of
transitions into final-state gaps has been investigated by
plotting the height of the spectrum at a binding energy of
11.1 eV (I i+) and 4.8 eV (I 3+) in Fig. 7. These transi-
tions occur from I'3+ to I z near fico=32 eV and from I i+

.to I'q near fico=97 eV. For infinite final-state lifetimes
but finite initial-state broadening, step functions should be
observed. The observed broadening is attributed to the
final-state lifetime. If it is somewhat arbitrarily assumed
that the broadening has a Lorentzian line shape, the sym-
metry points in the final state should be located at the
50% points and the separation of the 25% and 75%
points in the plots in Fig. 7 should equal 2I,~„„,„. The
results are surprising in that they yield 2I,~„„,„-3eV at
I z and -4 eV at 1"4 . This is compared to the theoreti-
cal values for the electron gas of 4—8 and 11 eV, respec-
tively, which are significantly larger than observed for
Be. However, this analysis is higher simplified. It as-
sumes that transitions to other states around the gap do
not interfere, and also that the optical matrix elements are
slow functians of fico or k. A proper photoemission calcu-
lation would be of obvious interest in order to test the ac-
curacy of this procedure.
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FIG. 6. Experimentally determined peak widths for ~(33
eV as a function of reduced momentum. The experimental
points are plotted using k from Fig. 4 and then dividing by the
free-electron value of k~ for Be (=1.93 A '). The solid curve
is the prediction for hole-lifetime broadening in jellium from
Ref. 6.

FICi. 7. Height of the peak for transitions from a binding en-

ergy of 11.1 eV as a function of photon energy in the region of
transitions from I &+ to I & (upper figure) and of transitions
from a binding energy of 4.8 eV in the region of transitions
from I 3 to I 4 (lower figure). Final-state lifetimes are estimat-
ed from the 75—25%%uo width of these curves.
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The narrowest peak observed in an energy distribution
for transitions to I 4 has a width of 0.4 eV. This value
may still be resolution limited. With a knowledge of the
topology of the bands around I 4 and Eq. (1) it is possible
to make an independent estimate of an upper limit to the
electron lifetime. The result is 21,~„„,„-5 eV. Again,
the analysis is complicated by the fact that both bands in-
volved have limiting slopes of zero, but this estimate
should be a better upper bound than that given in the
preceding paragraph. Again, the experimental final-state
lifetime is low compared to theory.

This difference is partly due to the fact that the
electron-gas theory overestimates the rate of plasmon pro-
duction in Be. According to electron-gas theory,
plasmon production accounts for more than one-half of
the decay rate at the energy corresponding to I 4 . This
implies that the plasmon-loss satellite should be one-half
as large as the primary peak. In fact, in angle-integrated
photoemission spectra taken near 100-eV photon energy,
the plasmon-loss satellite off the valence band has only
20% of the main peak intensity. Another contributing
factor to this difference is the pseudo band gap around the
Fermi level in Be. This means that the rate of production
of low-energy electron-hole pairs is very small, compared
to a more free-electron-like metal. These data, together
with the unexpectedly complex structure near the plasmon
threshold, show that the interaction between electrons
and plasmons in Be is treated inadequately by electron-gas
theory.

V. CONCLUSIONS

Angle-resolved photoemission data from Be(0001) have
been presented and compared with a self-consistent pseu-
dopotential calculation, and with the results of many-body
theory for the electron gas. It is concluded that peak in-

tensities and peak positions are well understood for those

spectral features originating from direct transitions by
comparison to self-consistent pseudopotential calcula-
tions. The energy of the I &+ symmetry point is predicted
correctly but there is a 0.5-eV discrepancy at the I 3+ sym-
metry point. The nature of this discrepancy is not con-
sistent with those expected from self-energy or nonlocal
exchange-correlation corrections. The lowest unoccupied
band is found experimentally to be in good agreement
with single-particle theory, except for some extra struc-
ture near the onset of plasmon creation. When dipole
cross sections are low, effects other than direct transitions
become important and can actually dominate bulk emis-
sion for a large range of photon energies. The photoemis-
sion peak widths are dominated by hole lifetimes, which
are fairly well predicted by electron-gas theory. Electron
lifetimes in Be appear to be significantly underestimated
by this theory which is partly attributed to an overesti-
mate of the rate of plasmon production.
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